INTRODUCTION
============

Autophagy is an intracellular bulk degradation process for proteins and organelles in all eukaryotic cells. Macroautophagy, the major type of autophagy (simply referred to as autophagy hereafter), is induced particularly when cells are exposed to nutrient-deprived conditions, and it is achieved by de novo formation of a double-membrane vesicle called the autophagosome and its subsequent fusion with lysosomes (reviewed in [@B25]; [@B30]; [@B28]). During the past decade, autophagy has been shown to be used for many aspects of cellular events besides nutrient supply, including defense against bacterial intrusion, antigen presentation, removal of aggregated proteins, and quality control of organelles, and thus dysfunction of autophagy leads to a variety of human diseases, including cancer, neurodegeneration, and microbial infections ([@B27]).

More recently, considerable attention has been paid to the relationship between autophagy and the secretory pathway because of the following observations. First, a genome-wide association study of ileal Crohn disease indicated that *ATG16L1*, which encodes a protein essential for canonical autophagy ([@B26]), is a candidate for the gene responsible for susceptibility to human Crohn disease, a complex inflammatory disease involving the small intestine ([@B18]; [@B32]). Moreover, Atg16L1-deficient mice exhibit similar pathology in intestine ([@B1]; [@B34]), and the granule exocytotic pathway in Paneth cells (specialized secretory cells in the epithelium of the small intestine) is impaired in Atg16L1-deficient mice, implicating a role of autophagy in that particular secretory pathway. Second, it has recently been reported that autophagic proteins (or autophagic activity) play pivotal roles in the secretory pathway for extracellular delivery of interleukin (IL) 1β and for osteoclastic bone resorption ([@B3]; [@B5]). However, whether autophagy directly regulates the secretory pathway remains unknown because the molecular mechanism by which autophagic proteins, especially Atg16L1, regulate the secretory pathway is poorly understood.

We previously found that Atg16L1 specifically interacts with two Rab33 isoforms, Rab33A and Rab33B ([@B22]), both of which are members of the Rab-type small GTPase family, which regulates a variety of membrane-trafficking events, including secretion ([@B12]; [@B36]), and interaction between Rab33B and Atg16L1 has been shown to modulate autophagic activity ([@B22], [@B23]). Nevertheless, there have been no reports on either the functional significance of the interaction between Rab33A and Atg16L1 or the role of Rab33A in membrane traffic.

In this study, we unexpectedly discovered that Atg16L1 is localized on dense-core vesicles together with Rab33A in PC12 cells independently of autophagic activity. We were also able to show that knockdown of endogenous Atg16L1 protein in PC12 cells strongly inhibited hormone secretion, whereas suppression of canonical autophagy has no effect on hormone secretion at all. On the basis of our findings, we discuss the novel function of Atg16L1 as a Rab33A effector that regulates hormone secretion in PC12 cells.

RESULTS
=======

Atg16L1 protein is localized in the neurites of PC12 cells independently of autophagic activity
-----------------------------------------------------------------------------------------------

To determine the functional relationship between Rab33A and Atg16L1, we first investigated the expression of Rab33A, Rab33B, and Atg16L1 in a variety of mammalian cell lines by immunoblotting with specific antibodies. Consistent with the fact that autophagy occurs in every cell type, expression of Atg16L1 and its ligand Rab33B was found in all the cell lines tested. Rab33A, on the other hand, was specifically expressed in PC12 cells, cells that were originally derived from a pheochromocytoma in the adrenal medulla of a rat and that have often been used as a secretion model ([@B37]; [Figure 1A](#F1){ref-type="fig"}, lane 6). Similarly, abundant expression of *Rab33A* mRNA restricted to the brain (e.g., human cerebellum) and B lymphoblasts has been reported in the BioGPS database (available at [http://biogps.org](http://biogps.org/)). We therefore focused on PC12 cells to analyze the relationship between Rab33A and Atg16L1 and investigated the subcellular localization of Atg16L1 in nerve growth factor (NGF)--differentiated PC12 cells by immunofluorescence analysis. To our surprise, strong Atg16L1 signals were observed in the neurites (especially the distal part of the neurites) of PC12 cells even under nutrient-rich conditions ([Figure 1B](#F1){ref-type="fig"}, top left, arrows). This unique localization of Atg16L1 in PC12 cells was in sharp contrast to its localization in mouse embryonic fibroblasts (MEFs) and NIH 3T3 cells, in which Atg16L1 signals were observed as scattered dots, that is, isolation membranes, precursor structures of autophagosomes, in the cytoplasm, especially under starved conditions ([@B26]; [@B22]). The Atg16L1 signals observed in PC12 cells cannot have been attributable to nonspecific interaction with the antibody because immunoblotting showed that the anti-Atg16L1 antibody used in this study specifically recognizes two forms of Atg16L1 (Atg16L1α, 63 kDa; and Atg16L1β, 71 kDa) in PC12 cells ([Figure 1C](#F1){ref-type="fig"}, lane 1) and because small interfering RNA (siRNA)--mediated knockdown of endogenous Atg16L1 protein clearly caused failure of the Atg16L1 immunostaining signals to appear ([Figure 1B](#F1){ref-type="fig"}, bottom; see also [Figure 1C](#F1){ref-type="fig"}, lanes 2 and 3, showing that Atg16L1 band intensity was clearly decreased after Atg16L1 knockdown). We therefore concluded that endogenous Atg16L1 protein is actually concentrated in the neurites of PC12 cells.

![Endogenous Atg16L1 protein in PC12 cells is localized in the neurites. (A) Total lysates of various cell lines indicated were subjected to 10% SDS--PAGE followed by immunoblotting with anti-Atg16L1 antibody (top), anti-Rab33A antibody (second from top), anti-Rab33B antibody (third from top), and anti-actin antibody (bottom). Note that expression of Rab33A was restricted to PC12 cells (lane 6), whereas both Atg16L1 and Rab33B were expressed in all cell lines tested. (B) Unique localization of Atg16L1 in the neurites of PC12 cells. PC12 cells were cotransfected with *Atg16L1* shRNA (or control shRNA) and pmStr-C1 vector as a transfection marker and then immunostained with a specific antibody against Atg16L1 (see C). Note that the Atg16L1 signals were strongly concentrated in the neurites (top left, arrows) and that these signals did not appear after knockdown (KD) of Atg16L1 with *Atg16L1* shRNA \#1 (an Atg16L1-KD cell is outlined in a broken line; bottom). Scale bars, 20 μm. (C) Specificity of anti-Atg16L1 antibody as revealed by immunoblotting. The anti-Atg16L1 antibody specifically recognized doublet bands of Atg16L1 (lane 1), which correspond to the α and β forms of Atg16L1 ([@B26]; [@B21]), and these signals were clearly attenuated by treatment with two independent *Atg16L1* shRNAs (lanes 2 and 3). PC12 cells were transfected with *Atg16L1* shRNA \#1 or *Atg16L1* shRNA \#2 and then cultured for 5 d. The cells were solubilized with 1% Triton X-100, and their lysates were subjected to 10% SDS--PAGE followed by immunoblotting with anti-Atg16L1 antibody (top) and anti-actin antibody (bottom). The size of the molecular mass markers (in kDa) is shown at the left.](3193fig1){#F1}

To determine whether the Atg16L1 signals observed in the neurites simply correspond to the isolation membranes and/or autophagosomes, we compared the Atg16L1 signals with a known isolation membrane marker (Unc-51-like kinase 1 \[ULK1\]) and autophagosome marker (microtubule-associated protein 1 light chain 3 \[LC3\]). As shown in [Figure 2A](#F2){ref-type="fig"}, all of the scattered enhanced green fluorescent protein (EGFP)--ULK1 dots were colocalized with Atg16L1-positive dots (arrowheads, top), and no colocalization was observed in the distal part of the neurites, where Atg16L1 signals were abundant (arrows, top). Similarly, some scattered EGFP-LC3 dots were partially colocalized with Atg16L1-positive dots in the cell body ([Figure 2A](#F2){ref-type="fig"}, bottom, arrowheads), and they were rarely present in the neurites ([Figure 2A](#F2){ref-type="fig"}, bottom, arrows). Moreover, the Atg16L1 signals in the neurites were clearly insensitive to treatment with 100 nM wortmannin ([Figure 2B](#F2){ref-type="fig"}, right, arrows), a phosphatidylinositol 3-kinase inhibitor that blocks autophagy, that is, inhibition of LC3 lipidation ([Figure 2C](#F2){ref-type="fig"}, the lower band of LC3, lane 2) and reduction in the number of EGFP-LC3 puncta ([Figure 2B](#F2){ref-type="fig"}, bottom left, and [Figure 2C](#F2){ref-type="fig"}, bottom). These results allowed us to conclude that the Atg16L1 signals in the neurites of PC12 cells are not related to autophagic activity.

![Localization of Atg16L1 protein in the neurites of PC12 cells is independent of autophagic activity. (A) Atg16L1 signals in the neurites of PC12 cells differed from the signals of autophagy-related organelles (isolation membranes and autophagosomes). PC12 cells stably expressing EGFP-ULK1 (an isolation membrane marker; green) or EGFP-LC3 (an autophagosome marker; green) under starved conditions were immunostained with anti-Atg16L1 antibody (red). Note that Atg16L1 signals in the neurites (top and bottom, arrows) were negative for both EGFP-ULK1 and EGFP-LC3, whereas some Atg16L1 dots in the cell body colocalized with EGFP-ULK1 dots and EGFP-LC3 dots (arrowheads in the insets). Insets, magnified views of the boxed area. Scale bars, 20 μm. (B) Atg16L1 signals in the neurites of PC12 cells were insensitive to wortmannin treatment. PC12 cells stably expressing EGFP-LC3 were starved for 30 min in HBSS in the presence of dimethyl sulfoxide or 100 nM wortmannin, fixed with 4% paraformaldehyde, and then immunostained with anti-Atg16L1 antibody. Note that, in contrast to the control cells (top left, arrowheads), the Atg16L1 signals in the neurites persisted even under autophagy-defective conditions (bottom right, arrows), where hardly any EGFP-LC3--positive dots were observed (bottom left). Scale bars, 20 μm. (C) Inhibition of canonical autophagy by wortmannin. Top, PC12 cells were treated for 30 min with HBSS containing 100 nM wortmannin. After solubilizing the cells with 1% Triton X-100, we analyzed total cell lysates by 15% SDS--PAGE followed by immunoblotting with anti-actin antibody and anti-LC3 antibody. Bottom, PC12 cells stably expressing EGFP-LC3 were incubated for 30 min with HBSS containing 100 nM wortmannin (or dimethyl sulfoxide \[DMSO\] alone), and then the EGFP-LC3 dots in the cells (*n* \> 70) were counted as described previously ([@B22], [@B23]). Under these experimental conditions, there was a marked decrease in the lipidated form of LC3 (LC3-II; a marker for autophagy; lane 2, lower band in the LC3 panel) and in LC3-dot formation (lower graph). \*\**p* \< 0.01 (Student\'s unpaired *t* test).](3193fig2){#F2}

Atg16L1 protein is localized on dense-core vesicles in PC12 cells
-----------------------------------------------------------------

Next we attempted to identify the organelles where Atg16L1 protein is localized in the neurites. Because dense-core vesicles are known to be concentrated in the neurites of PC12 cells ([@B14]), we costained the cells with the anti-Atg16L1 antibody and antibodies to two dense-core vesicle markers (synaptotagmin \[Syt\] I and Rab3). As anticipated, endogenous Atg16L1 protein was highly colocalized with Syt I on the dense-core vesicles in the neurites of PC12 cells, and partial colocalization between Atg16L1 and Rab3 was also observed ([Figure 3A](#F3){ref-type="fig"}). The association between endogenous Atg16L1 protein and dense-core vesicles was confirmed by immunoaffinity purification of dense-core vesicles ([Figure 3B](#F3){ref-type="fig"}). Moreover, immuno--electron microscopic analyses with the specific antibody clearly demonstrated the presence of Atg16L1 protein on dense-core vesicles ([Figure 3C](#F3){ref-type="fig"}, arrowheads).

![Atg16L1 is localized on dense-core vesicles in the neurites of PC12 cells. (A) PC12 cells were coimmunostained with anti-Atg16L1 antibody and anti--Syt I antibody or anti-Rab3 antibody. Atg16L1 signals in the distal portion of the neurites were colocalized with two dense-core vesicle markers---Syt I (top) and Rab3 (bottom). Insets, magnified views of the boxed area. Scale bars, 20 μm. (B) Localization of endogenous Atg16L1 protein and Rab33A protein on dense-core vesicles as revealed by immunoaffinity purification of dense-core vesicles. Dense-core vesicles were immunoisolated from PC12 cells by using anti--Syt I antibody as described in *Materials and Methods*. The dense-core vesicle fraction was subjected to 10% SDS--PAGE followed by immunoblotting with the antibodies indicated. The amount of immunoglobulin heavy chain (IgG HC) used for immunoprecipitation was determined by amido black staining of the blots (bottom). Under our experimental conditions, only Atg16L1β was copurified with the dense-core vesicles, despite the fact both the Atg16L1α and Atg16L1β isoforms had interacted with Rab33A in the coimmunoprecipitation assays (see [Figure 4A](#F4){ref-type="fig"}). We speculate the reason for this is that Atg16L1α binds Rab33A less effectively than Atg16L1β does and that Atg16L1 is released from the Rab33A on dense-core vesicles during the vigorous washing procedures using a vortex. The size of the molecular mass markers (in kDa) is shown at the left. (C) Localization of endogenous Atg16L1 protein on dense-core vesicles as revealed by immuno--electron microscopy. PC12 cells were cultured under normal nutrient-rich conditions and then fixed with 4% paraformaldehyde + 0.1% glutaraldehyde, and ultrathin cryosections were cut and immunolabeled with anti-Atg16L1 antibody followed by incubation with secondary antibody conjugated with colloidal gold particles (12 nm). Note that the gold particles---that is, the anti-Atg16L1 antibody molecules---were clearly associated with the surface of dense-core vesicles (arrowheads). Bars, 100 nm.](3193fig3){#F3}

Rab33A recruits Atg16L1 to dense-core vesicles in PC12 cells
------------------------------------------------------------

Because Atg16L1 is able to interact with Rab33A in vitro ([@B22]) and Rab33A is localized on dense-core vesicles in PC12 cells ([@B37]), we hypothesized that Atg16L1 is recruited to Rab33A-positive dense-core vesicles in PC12 cells. To verify our hypothesis, we investigated the endogenous interaction between Rab33A and Atg16L1 in PC12 cells by performing a coimmunoprecipitation assay with the anti-Rab33A--specific antibody. The results showed that Atg16L1 efficiently coimmunoprecipitated with Rab33A ([Figure 4A](#F4){ref-type="fig"}, middle, lane 3). Of interest, Atg12-conjugated Atg5, which interacts with Atg16L1, was also copurified with Rab33A ([Figure 4A](#F4){ref-type="fig"}, bottom, lane 3), a finding that was consistent with the fact that Atg16L1 forms a complex with Atg12--5 in the cytosol ([@B26]). To our surprise, no interaction between Atg16L1 and Rab33B was detected in PC12 cells by coimmunoprecipitation assays with two different anti-Rab33B--specific antibodies (Supplemental Figure S1A, lanes 4 and 5). We do not know the reason for this finding, but we speculate that the level of expression of Rab33A in PC12 cells may be much higher than the level of expression of Rab33B in PC12 cells. Alternatively, the two anti-Rab33B antibodies used for the coimmunoprecipitation assays may simply inhibit the endogenous interaction between Atg16L1 and Rab33B.

![Rab33A recruits Atg16L1 to dense-core vesicles in PC12 cells. (A) Atg16L1 interacts with Rab33A, a dense-core vesicle--resident Rab. Coimmunoprecipitation assays were performed as described in *Materials and Methods*. Protein A--Sepharose beads coupled with anti-Rab33A IgG or control rabbit IgG were incubated with PC12 cell lysates. Total cell lysates (input; lane 1) and the proteins bound to the beads (lane 3) were analyzed by 10% SDS--PAGE followed by immunoblotting with anti-Rab33A antibody (top), anti-Atg16L1 antibody (middle), and anti-Atg5 antibody (bottom). Note that both isoforms of Atg16L1 were coimmunoprecipitated with Rab33A (compare middle, lanes 2 and 3), although Atg16L1α seemed to bind Rab33A less efficiently (see also [Figure 3B](#F3){ref-type="fig"}). The size of the molecular mass markers (in kDa) is shown at the left. (B) Rab33A is colocalized with Atg16L1 in the neurites of PC12 cells. EGFP-Rab33A was colocalized with endogenous Atg16L1 protein (67.1 ± 2.8% colocalization in neurites; *n* = 6) and Atg12 protein in the neurites of PC12 cells (top and second row). Endogenous Rab33A protein was also colocalized with Syt I (a dense-core vesicle marker; third row; 60.2 ± 4.3% colocalization in neurites; *n* = 11), the same as endogenous Atg16L1 protein was, whereas endogenous Rab33A protein was not colocalized with EGFP-ULK1 (an isolation membrane marker; bottom row). Insets, magnified views of the boxed area. Arrowheads indicate the colocalized dots. Scale bars, 20 μm. (C) Rab33A is required for the dense-core vesicle localization of Atg16L1 in PC12 cells. PC12 cells were cotransfected with *Rab33A* shRNA (or *Atg16L1* shRNA) and pmStr-C1 vector as a transfection marker and then immunostained with anti-Rab33A antibody or anti-Atg16L1 antibody. Note that the clear reduction in Atg16L1 signals in the neurites as a result of Rab33A knockdown (middle) in comparison with the signals of untransfected PC12 cells (arrows). By contrast, the Rab33A signals in the neurites were unaltered by the Atg16L1 knockdown (top), indicating that Rab33A recruits Atg16L1 to dense-core vesicles. Scale bars, 20 μm. The graphs at the bottom show quantification of Rab33A signals and Atg16L1 signals in the neurites in the images above (*n* \> 40). a.u., arbitrary units. \*\**p* \< 0.01 (Student\'s unpaired *t* test); N.S., not significant.](3193fig4){#F4}

Consistent with the results of the coimmunoprecipitation assays, EGFP-Rab33A was colocalized with Atg16L1 (and also with Atg12) in the neurites of PC12 cells ([Figure 4B](#F4){ref-type="fig"}, top row and second row). Furthermore, since endogenous Rab33A protein was colocalized with Syt I, a dense-core vesicle marker ([Figure 4B](#F4){ref-type="fig"}, third row) and did not exhibit any colocalization with the isolation membrane marker EGFP-ULK1 ([Figure 4B](#F4){ref-type="fig"}, bottom; see also Supplemental Figure S1B), a Rab33A--Atg16L1 complex is likely to be specifically present on dense-core vesicles rather than on isolation membranes. If Rab33A functions as a scaffold to recruit Atg16L1 to dense-core vesicles, knockdown of Rab33A should result in failure of Atg16L1 signals to appear on dense-core vesicles. As anticipated, knockdown of endogenous Rab33A protein in PC12 cells by specific short hairpin RNA (shRNA) caused a significant reduction in the Atg16L1 signals in the neurites ([Figure 4C](#F4){ref-type="fig"}, middle, arrowheads, and bottom left, graph). By contrast, knockdown of endogenous Atg16L1 protein in PC12 cells by specific shRNA had no effect on the dense-core vesicle localization of Rab33A ([Figure 4C](#F4){ref-type="fig"}, top) or on Rab33A signals ([Figure 4C](#F4){ref-type="fig"}, bottom right, graph). We therefore concluded that Atg16L1 is localized on dense-core vesicles in PC12 cells as a result of a specific interaction with Rab33A.

Atg16L1 regulates hormone secretion independently of autophagic activity
------------------------------------------------------------------------

Finally, we performed neuropeptide Y (NPY) secretion assays to determine whether Atg16L1 is actually involved in the secretion pathway of dense-core vesicles. Peptide hormone NPY fused with T7-tagged glutathione *S*-transferase (GST), which targets dense-core vesicles ([@B15]), was transiently expressed in PC12 cells together with *Atg16L1* shRNA or control shRNA. The cells were then stimulated with low-KCl buffer or high-KCl buffer, and the amount of NPY-T7-GST secreted into the extracellular space from the dense-core vesicles was measured as described in *Materials and Methods*. Of interest, both low-KCl-dependent NPY secretion (basal/constitutive secretion pathway) and high-KCl-dependent NPY secretion (regulated secretion pathway) were found to be dramatically decreased in the Atg16L1-knockdown PC12 cells ([Figure 5A](#F5){ref-type="fig"}). Such effects were unlikely to be off-target effects of shRNAs because we obtained the same results with two independent *Atg16L1* shRNAs (\#1 and \#2). Furthermore, since the total level of NPY-T7-GST expression in control cells and in Atg16L1-knockdown cells did not differ too much ([Figure 5A](#F5){ref-type="fig"}, inset), the decreased NPY-T7-GST secretion from the Atg16L1-knockdown cells is unlikely to be attributable to the decreased number of dense-core vesicles. Actually, knockdown of Atg16L1 had little or no effect on the expression of several proteins involved in hormone secretion and of dense-core vesicle--associated proteins (Supplemental Figure S2, A and B) or on the transport of dense-core vesicles to the neurites (Supplemental Figure S2C). Of interest, however, only the total level of expression of chromogranin B, a dense-core vesicle cargo protein, was clearly decreased in Atg16L1-knockdown PC12 cells (Supplemental Figure S2, A and B), although chromogranin B was normally localized in the neurites of even the Ag16L1-knockdown PC12 cells (Supplemental Figure S2C, bottom row).

![Atg16L1 regulates hormone secretion in PC12 cells independently of their autophagic activity. (A) Effect of Atg16L1 knockdown on hormone secretion from PC12 cells. NPY-T7-GST secretion assays were performed as described in *Materials and Methods*. The results are expressed as percentages of high-KCl-dependent NPY secretion from control PC12 cells. Bars indicate the means and SE of three determinations. Note that Atg16L1 knockdown resulted in a dramatic reduction in both low-KCl- and high-KCl-dependent NPY secretion (shaded bars) in comparison with the control PC12 cells (closed bars). \*\**p* \< 0.01 (Student\'s unpaired *t* test). Under our experimental conditions, knockdown of Atg16L1 had little effect on the total amount of hormone (NPY-T7-GST; inset), although the total amount of NPY-T7-GST in *Atg16L1* shRNA \#2--expressing cells was somewhat decreased. Total cell lysates of PC12 cells that had been cotransfected with pShooter-NPY-T7-GST and pSilencer-Atg16L1 (or control empty pSilencer vector) were subjected to 10% SDS--PAGE followed by immunoblotting with anti-T7 tag antibody and anti-actin antibody. The knockdown efficacy of *Atg16L1* shRNAs is shown in [Figure 1C](#F1){ref-type="fig"}. (B) Effect of Atg13 knockdown or ULK1 knockdown on hormone secretion from PC12 cells. NPY-T7-GST secretion assays were performed as described. N.S., not significant in comparison with the control cells. Note that neither Atg13 knockdown nor ULK1 knockdown affected hormone secretion but that knockdown of each of them significantly inhibited starvation-induced autophagy (Supplemental Figure S5A). Total cell lysates of PC12 cells that had been cotransfected with pShooter-NPY-T7-GST and pSilencer-Atg13 (pSilener-ULK1 or control empty pSilencer vector) were subjected to 10% SDS--PAGE followed by immunoblotting with anti-T7 tag antibody and anti-actin antibody (inset). Under our experimental conditions, inhibition of autophagy had little effect on the total amount of NPY-T7-GST. (C) Effect of Rab33A knockdown on hormone secretion from PC12 cells. *Rab33A* shRNA was transiently coexpressed with NPY-T7-GST in PC12 cells. The NPY-T7-GST secretion assays were performed as described in A. Note that Rab33A knockdown caused inhibition of both the low-KCl-dependent and high-KCl-dependent NPY secretion (shaded bars). \*\**p* \< 0.01 (Student\'s unpaired *t* test). Total cell lysates of PC12 cells that had been cotransfected with pShooter-NPY-T7-GST and pSilencer-Rab33A (or control empty pSilencer vector) were subjected to 10% SDS--PAGE followed by immunoblotting with anti-T7 tag antibody and anti-actin antibody. Under our experimental conditions, knockdown of Rab33A had little effect on the total amount of hormone (NPY-T7-GST; inset), although the total amount of NPY-T7-GST in *Rab33A* shRNA \#2--expressing cells was somewhat decreased. The results shown are representative of at least two independent experiments.](3193fig5){#F5}

Because knockdown of Atg16L1 also caused inhibition of canonical autophagy in MEFs ([@B21]), the possibility remained that inhibition of autophagy itself results in the decreased hormone secretion, and to rule out this possibility, we also performed NPY secretion assays under several autophagy-defective conditions. When PC12 cells were treated with 100 nM wortmannin for 30 min before the secretion assay, neither NPY-T7-GST secretion nor the total level of NPY-T7-GST expression was altered (Supplemental Figure S3C). Similarly, the amount of NPY-T7-GST secreted from PC12 cells expressing the Atg4B C74A (CA) mutant or ULK1 kinase-dead mutant, both of which inhibit canonical autophagy ([@B7]; [@B20]; Supplemental Figure S3A), was comparable to the amount of NPY-T7-GST secreted from control PC12 cells (Supplemental Figure S3B). Moreover, both Atg13-knockdown PC12 cells and ULK1-knockdown PC12 cells exhibited normal hormone secretion activity ([Figure 5B](#F5){ref-type="fig"}). These results, together with the fact that Atg16L1 protein is associated with dense-core vesicles in neurites ([Figure 3](#F3){ref-type="fig"}), indicated that Atg16L1 regulates secretion of NPY independently of its autophagic activity.

Because Rab33A is required for the dense-core vesicle localization of Atg16L1 in PC12 cells ([Figure 4C](#F4){ref-type="fig"}), we investigated the effect of Rab33A knockdown on NPY secretion. As anticipated, knockdown of Rab33A by two independent *Rab33A* shRNAs in PC12 cells attenuated both low-KCl-dependent and high-KCl-dependent NPY-T7-GST secretion, the same as Atg16L1 knockdown did ([Figure 5C](#F5){ref-type="fig"}), strongly suggesting that the Rab33A--Atg16L1 complex regulates the hormone secretion pathway.

DISCUSSION
==========

In the present study, we used neuroendocrine PC12 cells to investigate the involvement of autophagic factors in hormone secretion and found that Atg16L1, an essential factor for canonical autophagy, has a novel secretory function in PC12 cells, presumably by acting as a Rab33A effector. Atg16L1 is localized on Rab33A-positive dense-core vesicles in the neurites of PC12 cells independently of their autophagic activity ([Figures 1--4](#F1 F2 F3 F4){ref-type="fig"}) and is required for hormone (NPY) secretion ([Figure 5A](#F5){ref-type="fig"}). Because knockdown of either Atg16L1 or Rab33A attenuated both low-KCl-dependent and high-KCl-dependent NPY secretion ([Figure 5, A and C](#F5){ref-type="fig"}), the Rab33A--Atg16L1 complex is likely to regulate both constitutive and regulated hormone secretion pathways. Secretory pathways generally consist of a number of steps, including vesicle formation, maturation, transport along the cytoskeleton, tethering/docking, priming, and fusion with the plasma membrane, and we speculate that Atg16L1 is involved in several steps in the secretory pathway. First, Atg16L1 is partly involved in biogenesis of dense-core vesicles, because the total amount of chromogranin B, which was originally believed to be essential for biogenesis of dense-core vesicles, was decreased in Atg16L1 (or Rab33A)-knockdown PC12 cells (Supplemental Figures S2, A and B, and S5B). However, since other dense-core vesicle marker proteins---for example, Syt I and Rab3---are normally expressed and localized in the neurites of even Atg16L1-knockdown PC12 cells (Supplemental Figure S2, A--C), the total number of dense-core vesicles may be less affected. Actually, recent studies on chromogranin B knockout (or chromogranin A/B double knockout) mice revealed that chromogranin B is not essential for dense-core vesicle biogenesis and that it regulates peptide hormone secretion ([@B31]; [@B4]). Consistent with the results of these studies, our preliminary data indicated the presence of morphologically mature dense-core vesicles in Atg16L1-knockdown PC12 cells at the electron microscopic level (unpublished data). Thus Atg16L1 is also likely to be involved in a late step(s) in the secretory pathway, presumably downstream of a transport step, because knockdown of Atg16L1 had little effect on dense-core vesicle formation (Supplemental Figure S2, A and B) or on the transport of dense-core vesicles to the neurites (Supplemental Figure S2C). In any event, extensive research will be necessary to determine the exact step(s) in the secretory pathway in which Atg16L1 is involved and whether deficiency of chromogranin B is involved in the reduced hormone secretion activity of Atg16L1-knockdown PC12 cells.

Because autophagic activity is believed to be involved in other secretory pathways ([@B2]; [@B3]; [@B5]), the most important finding in this study is that the secretory function of Atg16L1 is independent of its function in autophagy ([Figure 2B](#F2){ref-type="fig"} and Supplemental Figure S3). The secretory function of Atg16L1 is unlikely to be common to all cell types, and it may be limited to certain cell types that specifically express Rab33A, which is required for the secretory vesicle localization of Atg16L1 ([Figures 1A](#F1){ref-type="fig"} and [4C](#F4){ref-type="fig"}). Because Rab33A has been reported to be abundantly expressed at the mRNA level in the brain, lymphocytic system, and hematopoietic system ([@B24]; and the BioGPS database), we speculate that Atg16L1 regulates certain secretory events in the brain and these systems together with Rab33A. Because these events occur in macrophage-related cells and have recently been shown to be related to autophagy ([@B3]; [@B5]), it will be very interesting to investigate the involvement of Rab33A in IL-1β secretion and osteoclastic bone resorption. The relation between Rab33A and Crohn disease may also be worth investigating because a recent finding indicates that Atg16L1 is differently involved in canonical autophagy and Crohn disease caused by a defective secretory pathway ([@B9]). Because deficiency of Atg5 (an Atg16L1-binding protein) and of Atg7 (an E1 enzyme that activates Atg12 so that it conjugates with Atg5) also resulted in a similar Crohn disease phenotype ([@B2]) and Rab33 is able to bind both isolated Atg16L1 and the Atg12--5--16L1 complex ([@B22]), it is temping to speculate that the Atg12--5--16L1 complex functions as a Rab33A effector in the regulation of particular secretion events. Consistent with our speculation, knockdown of endogenous Atg5 protein in PC12 cells caused inhibition of hormone secretion (Supplemental Figure S4C). Furthermore, overexpression of Atg16L1 alone in PC12 cells weakly but significantly inhibited hormone secretion (Supplemental Figure S4B), whereas overexpression of a Rab33A-binding--deficient mutant Atg16L1-Δ201-214 ([@B21]), which was unable to target dense-core vesicles (Supplemental Figure S4A), in PC12 cells had no effect on hormone secretion (Supplemental Figure S4B). These observations also supported our hypothesis that Rab33A functions together with the Atg12--5--16L1 complex during hormone secretion. A free Atg16L1 molecule may act as a dominant-negative construct that traps Rab33A (i.e., an inappropriate complex between Rab33A and Atg16L1 alone may inhibit hormone secretion). A similar dominant-negative effect of Atg16L1 on canonical autophagy was reported when Atg16L1 alone was expressed in MEFs ([@B8]). Although the Atg12--5--16L1 complex has recently been shown to have E3-like enzyme activity toward LC3 ([@B19]; [@B8]), since no LC3 signals were observed on dense-core vesicles ([Figure 2A](#F2){ref-type="fig"}, bottom), the Atg12--5--16L1 complex together with Rab33A may have additional function other than E3-like activity during hormone secretion.

In summary, we reported the first evidence that Atg16L1 together with Rab33A on dense-core vesicles regulates hormone secretion from PC12 cells independently of autophagic activity. Our discovery of the involvement of Rab33A--Atg16L1 complex in hormone secretion from PC12 cells should provide clues to elucidating the relationship between autophagy and secretion in other systems.

MATERIALS AND METHODS
=====================

Materials
---------

Anti-Rab3 mouse monoclonal antibody, anti-Munc18 mouse monoclonal antibody, and anti--chromogranin B mouse monoclonal antibody were obtained from BD Transduction Laboratories (Lexington, KY). Anti--Syt I (SYA-148) mouse monoclonal antibody and anti--Syt I luminal domain rabbit polyclonal antibody were purchased from StressGen Biotechnologies (Victoria, Canada) and Synaptic Systems (Göttingen, Germany), respectively. Anti-Atg12 (or Apg12) rabbit polyclonal antibody was from Invitrogen (Carlsbad, CA). Anti-Rab33B mouse monoclonal antibody (D5) was from Frontier Science (Ishikari, Japan). Anti--syntaxin-1 mouse monoclonal antibody (HPC1) and anti-VAMP2 rabbit polyclonal antibody were from Santa Cruz Biotechnology (Santa Cruz, CA) and Wako Pure Chemical Industries (Osaka, Japan), respectively. Anti--β-actin (G043) mouse monoclonal antibody was from Applied Biological Materials (Richmond, Canada). Anti-Atg16L1 rabbit polyclonal antibody, anti-Rab27A rabbit polyclonal antibody, anti-Rab33A rabbit polyclonal antibody, and anti-Rab33B rabbit polyclonal antibody were prepared as described previously ([@B33]; [@B22]; [@B21]), and their specificity in PC12 cells was confirmed by immunoblotting ([Figure 1C](#F1){ref-type="fig"} and Supplemental Figure S1A). Anti-Atg5 rabbit polyclonal antibody was produced by using purified GST-mouse Atg5 as the antigen ([@B22]), and it was affinity purified as described previously ([@B16]). Horseradish peroxidase (HRP)--conjugated anti--T7 tag mouse monoclonal antibody and anti--hemagglutinin (HA) tag mouse monoclonal antibody were from Merck Biosciences Novagen (Darmstadt, Germany) and Roche Molecular Biochemicals (Mannheim, Germany), respectively. HRP-conjugated anti-mouse/rabbit immunoglobulin G (IgG) and HRP-conjugated protein A were obtained from SouthernBiotech (Birmingham, AL) and GE Healthcare (Little Chalfont, United Kingdom), respectively. The fluorescent dye--conjugated secondary antibodies (Alexa Fluor 488--, 594--, and 633--labeled anti--mouse/rabbit IgGs) were from Invitrogen. All other reagents used in this study were analytical grade or the highest grade commercially available.

Plasmid construction
--------------------

pEGFP-C1-Atg16L1-Δ201-214 and pEF-T7-Atg16L1-Δ201-214 were produced by conventional PCR techniques using a following oligonucleotide with a *Bst*XI site (underlined): 5′-A[CCAGATGGATGG]{.ul}CTGAGAAGGCCCAAAGGCGTCAAGCACGGCTGCAG-3′. pEGFP-C1-Rab33A, pmStrawberry (pmStr)-C1-Rab33A, and pEGFP-C1-Atg16L1 were prepared as described previously ([@B22]). The cDNAs of human ULK1, a ULK1 kinase-dead mutant (M92A; ULK1-KD), and a human Atg4B mutant (C74A; Atg4B-CA) were kindly provided by Tamotsu Yoshimori (Graduate School of Medicine, Osaka University, Osaka, Japan) and subcloned into the pEF-HA tag vector ([@B10]). The human ULK1 cDNA and mouse LC3 cDNA ([@B23]) were subcloned into the pMRX-IRES-puro-EGFP vector ([@B35]). pSilencer 2.1-U6 neo vector (Ambion, Austin, TX), which encodes *Atg16L1* shRNA (a 19-base target site: 5′-ACTGAGGAAAACTACTGAG-3′ for *Atg16L1* shRNA \#1 and 5′-CTGTTAGGGAAGATCACTG-3′ for *Atg16L1* shRNA \#2), was constructed according to the manufacturer\'s notes (referred to as pSilencer-Atg16L1 \#1 and \#2, respectively). The knockdown efficiency of the plasmids was evaluated by expressing pSilencer-Atg16L1 \#1 or \#2 (or a control pSilencer vector) in PC12 cells ([Figure 1C](#F1){ref-type="fig"}). *Rab33A* shRNA expression vectors (a 19-base target site: 5′-ATCCCTCTTGTACCGTGAT-3′ for *Rab33A* shRNA \#1 and 5′-TGTGCATGCAGTGGTCTTT-3′ for *Rab33A* shRNA \#2), *Atg5* shRNA expression vectors (a 19-base target site: 5′-TTGGCCTACTGTTCGATCT-3′ for *Atg5* shRNA \#1 and 5′-CTGTTTACAGTCAGTCTAT-3′ for *Atg5* shRNA \#2), an *Atg13* shRNA expression vector (a 19-base target site: 5′-GAGAAGAATGTCCGAGAAT-3′), and a ULK1 shRNA expression vector (a 19-base target site: 5′-AGACTCCTGTGACACAGAT-3′) were similarly produced (see also [@B37]; [@B17]; [@B6]). The effect of shRNAs against Rab33A (\#2), Atg16L1 (\#1), Atg5 (\#2), Atg13, and ULK1 on starvation-induced autophagy was also evaluated by LC3-dot formation in PC12 cells (Supplemental Figure S5A). Modified siRNA duplexes (stealth RNA) against mouse/rat Atg16L1 and a nontargeting scramble sequence (control stealth RNA) were obtained from Invitrogen (MSS293862 and 12935-113, respectively).

Cell culture, transfection, and infection
-----------------------------------------

PC12 cells were cultured at 37°C in DMEM containing 10% horse serum, 10% fetal bovine serum, and antibiotics with or without nerve growth factor (100 ng/ml; Merck, Darmstadt, Germany) under a 5% CO~2~ atmosphere. Plasmids were transfected into PC12 cells by using Lipofectamine 2000 (Invitrogen) according to the manufacturer\'s notes. Starvation was achieved by washing the cells once with Hank\'s balanced salt solution (HBSS; Sigma-Aldrich, St. Louis, MO). Inhibition of autophagy was achieved by exposing the cells to wortmannin (Merck Biosciences Calbiochem, Darmstadt, Germany), an inhibitor of phosphatidylinositol 3-kinases, at a concentration of 100 nM for 30 min. The EGFP-LC3--positive dots were counted as described previously ([@B22], [@B23]). Retrovirus infection and Plat-E cell culture were performed as described previously ([@B29]). To obtain stable cell lines, PC12 cells infected with retrovirus expressing EGFP-ULK1 or EGFP-LC3 were selected with 4 μg/ml puromycin (Merck Biosciences Calbiochem).

Immunostaining
--------------

PC12 cells were cultured at 37°C in DMEM containing 10% horse serum and 10% fetal bovine serum on poly-[l]{.smallcaps}-lysine--coated 35-mm dishes under 5% CO~2~. One microgram of each plasmid of interest was transfected into PC12 cells by using Lipofectamine 2000 according to the manufacturer\'s notes. At 36--48 h after transfection, the cells were treated with 100 ng/ml NGF, and 1 d later the cells were incubated in HBSS for 1.5 h. The cells were then fixed with 4% paraformaldehyde (Merck Biosciences Calbiochem) for 20 min, permeabilized with 0.3% Triton X-100 for 2 min, and blocked with the blocking buffer (1% bovine serum albumin and 0.1% Triton X-100 in phosphate-buffered saline) for 1 h. The cells were immunostained with anti-Atg16L1 antibody, anti--Syt I antibody, anti-Rab3 antibody, anti-Rab33A antibody, and/or anti--chromogranin B antibody, followed by Alexa Fluor 488-- and/or 594--labeled secondary IgG. The cells were examined for fluorescence with a confocal laser-scanning microscope (FluoView 1000; Olympus, Tokyo, Japan), and the images were processed with Photoshop software, version CS4 (Adobe, San Jose, CA). immunofluorescence signals were quantified with MetaMorph software (Molecular Devices, Sunnyvale, CA), and a colocalization analysis was performed with ImageJ software, version 1.42q (National Institutes of Health, Bethesda, MD). The data were expressed as means and SEs.

Electron microscopy analysis
----------------------------

PC12 cells were cultured under normal nutrient-rich conditions and then fixed with 4% paraformaldehyde--0.1% glutaraldehyde in phosphate buffer (pH 7.4). Ultrathin cryosections were cut and immunolabeled with anti-Atg16L1 antibody, followed by incubation with secondary antibody conjugated with colloidal gold particles (12 nm). The procedures used for cell freezing, sectioning, and the immunoreactions have been described previously ([@B38]). The sections were viewed with an electron microscope (JEM1200; JEOL, Peabody, MA).

Immunoprecipitation and immunoaffinity purification of dense-core vesicles
--------------------------------------------------------------------------

Protein A--Sepharose beads (GE Healthcare) coupled with anti-Rab33A IgG (or control rabbit IgG) were incubated for 1 h in PC12 cell lysates solubilized with 1% Triton X-100. After washing of the beads three times, the proteins bound to the beads were analyzed by 10% SDS--PAGE, followed by immunoblotting with anti-Rab33A antibody, anti-Atg16L1 antibody, and anti-Atg5 antibody. Immunoreactive bands were visualized with HRP-conjugated protein A and detected by enhanced chemiluminescence (GE Healthcare). Immunoaffinity purification of Syt I--bound dense-core vesicles with anti--Syt I IgG--conjugated magnetic beads was performed as described previously with modifications ([@B11]). In brief, PC12 cells (two 10-cm dishes; 90% confluent) were placed in 1 ml of 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)--KOH, pH 7.2, 150 mM NaCl, 1 mM MgCl~2~, 1 mM dithiothreitol, and appropriate protease inhibitors (homogenization buffer) and homogenized by passing the cells through 2.5-ml syringe with 27-gauge needle. After centrifugation at 800 × *g* for 5 min, the supernatant obtained was incubated for 1 h at 4°C with anti--Syt I antibody or control mouse IgG (∼1 μg) and then for 1 h at 4°C with Dynabeads M-280 (Invitrogen). The beads were washed vigorously with the homogenization buffer by using a vortex, and the washing was repeated four or five times. The dense-core vesicle fraction was analyzed as described by 10% SDS--PAGE, followed by immunoblotting with the antibodies indicated in [Figure 3B](#F3){ref-type="fig"} and Supplemental Figure S2B.

NPY secretion assays
--------------------

NPY-T7-GST secretion assays in PC12 cells were performed as described previously ([@B15]; [@B13]). In brief, PC12 cells (6-cm dish) were cotransfected with 1 μg of pShooter-NPY-T7-GST and 2 μg of each plasmid of interest by using Lipofectamine 2000 according to the manufacturer\'s notes. Three days after transfection, cells were washed with prewarmed, low-KCl buffer (5.6 mM KCl, 145 mM NaCl, 2.2 mM CaCl~2~, 0.5 mM MgCl~2~, 5.6 mM glucose, and 15 mM HEPES-KOH at pH 7.4) and then stimulated for 20 min at 37°C with either low-KCl buffer or high-KCl buffer (56 mM KCl, 95 mM NaCl, 2.2 mM CaCl~2~, 0.5 mM MgCl~2~, 5.6 mM glucose, and 15 mM HEPES-KOH at pH 7.4). Released NPY-T7-GST was recovered by incubation with glutathione--Sepharose beads (GE Healthcare) and analyzed by immunoblotting with HRP-conjugated anti-T7 tag antibody. The intensity of the immunoreactive bands on x-ray film was quantified with YabGelImageX software (version 1.2; freely available at <https://sites.google.com/site/yabgel/home>) and normalized by the amount of expressed NPY-T7-GST in total cell lysates. Total cell lysates were obtained by incubation with a lysis buffer (10 mM Tris-HCl at pH 8.0, 150 mM NaCl, 1 mM EDTA, and 1% NP-40, and appropriate protease inhibitors).
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EGFP

:   enhanced green fluorescent protein

GST

:   glutathione *S*-transferase

HBSS

:   Hank\'s balanced salt solution

HRP

:   horseradish peroxidase

LC3

:   microtubule-associated protein 1 light chain 3

MEF

:   mouse embryonic fibroblasts

mStr

:   monomeric Strawberry

NGF

:   nerve growth factor

NPY

:   neuropeptide Y

shRNA

:   short hairpin RNA

Syt I

:   synaptotagmin I

ULK1

:   Unc-51-like kinase 1
